Nanophotonic plasmon circuits may play important roles in next-generation information technology as semiconductor-based electronics is approaching the physical limit. The functions of such circuits rely on the rigorous control of plasmon propagation. One important aspect of such control is controlling the conversion of different plasmon modes for designed plasmon routing in complex nanophotonic networks. Here, for the first time, we experimentally prove that the conversion of plasmon modes occurs widely in metallic nanowire waveguides, the basic components of plasmonic circuits, by introducing local structural symmetry breaking. In further simulations for the structure of a nanowire with a particle in its proximity, it is shown that the mode conversions originate from the redistribution of electric field on the wave front which is caused by the scattering of localized modes in the nanogap and on the nanoparticle. This mode conversion effect can be applied to flexibly control the plasmon propagation behavior in plasmonic nanowire networks. P lasmonics is a booming research field addressing topics related to surface plasmons, including enhanced light-matter interaction [1] [2] [3] [4] , subdiffraction imaging 5, 6 , integrated photonic circuits 7-9 and so on. Confronted with the physical limit that the semiconductor-based electronics is approaching, plasmonic circuits are promising for the future information technology as they keep the photons' advantages of high speed and wide bandwidth but avoid the dimension restriction caused by diffraction limit of light. Noble metallic nanowire (NW) supporting propagating surface plasmon polaritons (SPPs), have shown large application potentials in the plasmonic circuits. These wires can be used not only for basic nanophotonic devices such as waveguides 10, 11 , resonators 12,13 and nanoantennas 14, 15 , but also for quantum information researches [16] [17] [18] [19] . Especially, the NW-based network can work as optical routers 20,21 and logic gates 22, 23 . The routing and logic functions in the NW-based network rely on suitable SPP propagation manners in the NW, such as zigzag 22, 23 and chiral 24 propagation, resulting from the superpositions of different SPP modes with proper phase relations. Therefore, controlling the excitation and conversion of different SPP modes is the basis for controlling SPP propagation in the NW network to realize advanced functions.
Nanophotonic plasmon circuits may play important roles in next-generation information technology as semiconductor-based electronics is approaching the physical limit. The functions of such circuits rely on the rigorous control of plasmon propagation. One important aspect of such control is controlling the conversion of different plasmon modes for designed plasmon routing in complex nanophotonic networks. Here, for the first time, we experimentally prove that the conversion of plasmon modes occurs widely in metallic nanowire waveguides, the basic components of plasmonic circuits, by introducing local structural symmetry breaking. In further simulations for the structure of a nanowire with a particle in its proximity, it is shown that the mode conversions originate from the redistribution of electric field on the wave front which is caused by the scattering of localized modes in the nanogap and on the nanoparticle. This mode conversion effect can be applied to flexibly control the plasmon propagation behavior in plasmonic nanowire networks. P lasmonics is a booming research field addressing topics related to surface plasmons, including enhanced light-matter interaction [1] [2] [3] [4] , subdiffraction imaging 5, 6 , integrated photonic circuits [7] [8] [9] and so on. Confronted with the physical limit that the semiconductor-based electronics is approaching, plasmonic circuits are promising for the future information technology as they keep the photons' advantages of high speed and wide bandwidth but avoid the dimension restriction caused by diffraction limit of light. Noble metallic nanowire (NW) supporting propagating surface plasmon polaritons (SPPs), have shown large application potentials in the plasmonic circuits. These wires can be used not only for basic nanophotonic devices such as waveguides . This coupling results in the Fano resonance 27, 28 and plasmon-induced transparency 29, 30 . Symmetry-broken nanoantennas can concentrate the modes of different frequencies at selected positions 31 , and mediate the radiation in the far field in various directions 32 . Symmetrybroken metallic split ring resonators 33, 34 can show a magnetic response and negative effective permeability at certain frequency by tuning the resonant modes, which can be applied for negative refraction and superlensing. It is expected that the structural symmetry breaking can also induce the interaction between modes of the propagating plasmons and provide an efficient method for controlling SPP propagation.
In the present work, we show experimentally that the conversion of SPP modes occurs widely in structuralsymmetry-broken NWs. These direct and tunable conversions of different modes on the NW are highly desired for adjusting the mode proportion and giving flexible control on SPP propagation. The conversion is shown to originate from the symmetry change of wave front induced by the structural symmetry breaking. A model system composed of a silver NW and a silver nanoparticle is investigated carefully in simulations. The physical picture of the conversion is shown as the field redistribution on the wave font which results from scattering of the localized modes in the nanogap and on the nanoparticle. This mode conversion mechanism provides a versatile approach for controlling SPP propagation at the nanoscale, which is demonstrated in a structure to be used as a switch.
Results
In experiments, chemically synthesized Ag NWs and nanoparticles were deposited on a glass substrate. Three typical kinds of NW-based structures can be found in the sample, including particle-NW structure, branched NW and bent NW as schematically shown in Fig. 1(a) . The branched NW here is occasionally formed, which can also be constructed by micro-manipulation method 22, 23 . Then they were coated with a 30 nm or 50 nm thick Al 2 O 3 layer to separate the subsequently deposited CdSe/ZnS core/shell quantum dots (QDs) with central emission wavelength of about 655 nm. The propagating SPP waves on the NW were launched by focusing a laser beam at one end of the NW through an objective, with the polarization of the laser light parallel to the NW. The fluorescence of QDs can reveal the local electric field distributions of the SPPs on the NWs.
The experimental results for the mode conversion in the three structures are shown in Figs. 1(b)-(d) . The top panel of Fig. 1(b) shows the optical image of a particle-NW structure. After excitation by direct illumination on the NW end, the SPPs propagating on the NW were partly scattered by the particle, showing visible scattering light, and the remaining power propagates to the other end, as shown in the middle panel of Fig. 1(b) . As can be seen from the QD fluorescence image [bottom panel in Fig. 1(b) ], the excited SPPs first showed a symmetric field distribution, resulting from the symmetry of the forepart of the system. The symmetry of the structure was broken near the particle, which in turn influenced the symmetry of the propagating SPP field. After interaction with the particle, the field turned into a zigzag shape (more experimental results for particle-NW structure are shown in supplementary information). Local structural symmetry breaking can also be realized by introducing another NW or bending the NW, as shown in Figs. 1(c) and 1(d). Mode conversions also occurred in these samples as demonstrated by the changes of the near field distributions from symmetric patterns to zigzag.
Simulations using finite-difference time-domain (FDTD) method were performed for the three experimental structures and the results are shown in Fig. 2 . The structures in our simulation model used the same parameters with the experiments. The refractive indexes used in the simulation for the glass substrate and the Al 2 O 3 layer were 1.5 and 1.62, respectively. An experimentally obtained optical constant for silver 35 was used in all the simulations in this paper. A Gaussian beam of 633 nm wavelength was used to generate SPPs in the nanowires. Transitions in the symmetry of the SPP field were clearly observed in the simulations (Fig. 2) . Before the wave arrives at the locations with broken symmetry, the field shows a symmetric profile (the small asymmetry is due to the reflection of SPPs). After passing the symmetry-broken location, the plasmon wave propagates in a zigzag route which results from the coherent superposition of two guiding modes with different symmetries. The field patterns agree well with the experimental results, indicating the mode conversion process in the symmetry-broken NW structures.
Discussion
Eigenmodes of NW in uniform environment are analytical 17, 24, 36 , with the angular distributions as sinmw or cosmw (w is the angular coordinate in a cylindrical system). Figures 3(a) and 3(b) show the electric field distributions of the two lowest order modes in NW [sketch depicted in inset of Fig. 3(c) ] calculated by finite element method (FEM). The lowest order TM 0 mode is axially symmetric, and along any plane across the center of the wire the electric field of the TM 0 mode is mirror-symmetric. The following m 5 1 order HE 1 modes are doubly degenerate, with a 90u angle between polarizations 24 . Taking the mode polarized along the x direction as an example, the electric field is symmetric in the y direction, but antisymmetric in the x direction. Figure 3 (c) shows the dependence of the effective refractive index n eff and the propagation length L spp of TM 0 and HE 1 mode on the NW radius. The propagation length here is defined as the distance for the SPP intensity to decay to 1/e of the original intensity. The NWs with considerable mode confinement and propagation length for practical use are multimode waveguides. Generally, the SPPs propagating on the NW are the superposition of TM 0 and HE 1 modes. For the two modes with initial phase as shown in Figs. 3(a) and 3(b), their interference leads to asymmetric field distribution in the x direction, with most fields distributed on the right side of the NW. Along the propagation direction, the two modes will accumulate different phase changes. When the phase difference reaches p, the maxima of the field shift to the other side of the wire. The repetitions of the shifting of the field maximum along the NW lead to the zigzag propagation route with the period L p given by L p 5 l/(n 0 2n 1 ), where n 0 and n 1 is the effective refractive index of the TM 0 and the HE 1 modes, respectively.
The symmetry of the eigenmodes is related to the symmetry of the waveguide structure. For a NW deposited on a substrate as the configuration in experiments and simulations above, the structure is more complex but also has mirror-symmetry in the direction parallel to the interface of the substrate (horizontal direction). The field distribution of the eigenmodes will also be mirror-symmetric or antisymmetric in the horizontal direction, verified by the four lowest order eigenmodes (H 0 , H 1 , H 2 and H 3 ) shown in Fig. S3 in supplementary information. For the laser light with polarization parallel to the nanowire, only the mirror-symmetric fundamental mode H 0 and the third-order mode H 2 can be generated directly. Their superposition leads to the periodic distributions before the wave arrives at locations with broken symmetry in Figs. 1(b)-(d) 21 . After these symmetry-broken locations, the two generated modes partly convert to mirror-antisymmetric H 1 mode (and a small amount of H 3 mode). The superposition of H 0 and H 1 modes leads to the zigzag route of SPP propagation observed in experiments and simulations above. The zigzag routes for SPPs on structures in uniform environment and on substrate have similar underlying physics. As discussed below, they also share the same mode-conversion mechanism. As shown by Fig. S4 in supplementary information, for single TM 0 mode as input, the mode conversions also happen for the three similar structures in uniform environment. Hereafter, we discuss the mechanism of the mode conversion based on the structure in uniform environment, which can also be applied to the structure on substrate. In NWs suitable for waveguiding, the modes with higher order than HE 1 mode are cut off. Therefore, we mainly discuss the conversion between the TM 0 mode and HE 1 mode. The mechanism can be generalized to conversions between more guiding modes.
The occurrence of mode conversions in the NWs with structural symmetry breaking can be directly understood by considering the symmetry of the modes in NW discussed above. In a single ideal NW, different modes are orthogonal and there is no cross-talk. However, when the structural symmetry is broken locally, the orthogonality fails and the conversion between modes occurs. Here, the particle-NW structure in uniform dielectric environment is taken as an example for the interpretation, as shown in Fig. 4(a) . We consider a wave of TM 0 mode E 0 (R) [ Fig. 3(a) ] propagating along the silver NW with its original wave front T in (R), shown in Fig. 4(a) . Here R is the position vector in the plane perpendicular to the NW. The structure has mirror symmetry in the y direction, but in the x direction the symmetry is broken. The output wave front T out (R) will preserve the symmetry in the y direction, while the symmetry in the x direction will be disturbed. The T out (R) with changed symmetry will have a nonzero expansion coefficient for HE 1 mode:
where E 1 (R) is the field distribution of HE 1 mode [ Fig. 3(b) ]. Therefore, the structural symmetry breaking induces nonzero component of HE 1 mode in the output, which implies a mode conversion process. The above analyses are also applicable for the mode conversions in branched NW and bent NW, as well as the mode conversions in structures on substrate. Using similar analysis for structures on the substrate, we can infer that both the H 0 mode and H 2 mode contribute to the conversion to the H 1 mode (Fig. S3 in supplementary  information) . Because of the reciprocity, in the same structure the backward conversion from HE 1 mode to TM 0 mode can also happen (from H 1 mode to H 0 mode for structure on the substrate, see Fig. S2 in supplementary information) with equal conversion efficiency. In a more general situation, when taking a superposition of the TM 0 and HE 1 as input, the T in (R) can be expressed as [C 0 ,C 1 ]
T , where C 0 and C 1 are the expansion coefficients of T in (R) by the TM 0 and HE 1 modes, normalized by jC 0 j 2 1 jC 1 j 2 5 1. Similarly, the output can be expressed as ½C 0 ' ,C 1 ' T . The structure can be taken as a symmetric 4-port lossy network, similar to that in electronic and microwave engineering, for which the conversion process can be described by using the S-parameter 37 as:
where S is a 2 3 2 diagonal matrix, with its elements as S ij (i,j 5 0,1). The conversion efficiency from i mode to j mode (i,j 5 0,1 correspond to the TM 0 and HE 1 modes) can be expressed as: g ij 5 jS ij j 2 . We further interpret the underlying physics of the mode-conversion phenomena. The mode conversion in bent NWs is analogous to the mode conversion in ordinary dielectric circular waveguides and can be interpreted by the coupled mode theory 38 . Mode conversions by introducing a new structure near the NW have good tunability and similar origin. The particle-NW structure is selected for a careful treatment to reveal the mode conversion mechanism. From an intu- itive point of view, the mode conversion process in the particle-NW structure is actually a scattering process. The scattering at the particle can be decomposed into two processes, as denoted in Fig. 4(a) . In the process I, the scattering of power is coupled back into the NW, while the process II corresponds to the direct scattering of power into free space. Both the two scattering processes contribute to the mode conversion, as discussed below.
More careful simulation analyses are used to give quantitative descriptions of the mode conversions. The uniform environment has a refractive index of 1.56. The material loss of the NW is ignored here by eliminating the imaginary part of the permittivity of silver in the simulation. The material loss of the NW mainly reduces the total transmittance due to the attenuations of the SPP propagation, but has little effect on the scattering near the nanoparticle. It will not violate the conversion mechanism we discussed below. In Fig. 4(b) , the transmittance spectra for different separations h between the nanoparticle and NW are shown. The drops in the spectra correspond to the resonant modes localized in the nanogap between the NW and the particle, as shown by the insets, with the order defined by the number of antinodes in their field distributions. At resonances, larger power is scattered into the free space, which results in higher losses and the drops in the spectra. All the resonant modes are highly localized, which create hotspots of electromagnetic field and are responsible for the enhanced Raman scattering in particle-NW structure 39, 40 . As the separation between particle and NW decreases, the resonant modes red-shift, similar to the behavior of localized modes for coupled nanoparticles 2 . Figure 4 (c) shows the conversion efficiency from TM 0 mode to HE 1 mode g 01 and the transmission efficiency for the remaining TM 0 mode g 00 for h 5 3 nm (see Fig. S5 in supplementary information for the dependence of mode conversion on the separation h). For clarity, the total transmittance spectrum is also plotted in Fig. 4(c) . As can be seen, although the scattering loss is lager at the resonant wavelengths, the conversion efficiency g 01 reaches the maxima at the resonances, shown as peaks in the blue curve.
The physical picture of the conversion process is revealed by the distribution of time-averaged power flow at both resonance and offresonance wavelengths shown in Fig. 4(d) . The power flows uniformly through the NW before the particle. When the light arrives at the particle, the resonant gap mode between the particle and the NW is excited for l 5 440 nm. The highly localized field in the gap can act as a point source to couple power back into the NW with a new component of HE 1 mode. The point source can excite the SPPs in NWs in a high efficiency, so the scattering of the gap mode includes remarkable process I described in Fig. 4(a) . As can be seen in Fig. 4(d) , the power flow is directed away from the nanoparticle to the bottom of the NW. Here the wave front becomes asymmetric, which implies a new HE 1 mode comes into being. Due to the scattering, the field intensity at the bottom of the NW at the right side of the particle, i.e., z . 0 (z is set 0 at the center of the nanoparticle) is doubled as shown by black curve in Fig. 4(e) . The scattering reaches the maximum at the resonance wavelength, giving a higher conversion efficiency g 01 . When the gap is off-resonant at 490 nm wavelength, the field propagating on the NW is less scattered and the wave front is hardly disturbed as shown in the middle panel in Fig. 4(d) , resulting in a much lower conversion efficiency.
For longer wavelength of 620 nm, although the gap is off-resonant, the conversion efficiency is still not low. The TM 0 mode for longer wavelength has a wider field distribution with more overlap with the nanoparticle, leading to larger scattering on the particle as shown by the visible scattering light near the particle in Fig. 1(b) . However, in this scattering process, the scattering field on the particle is not highly localized as the gap modes, so that it can not efficiently excite the SPP mode in the NW. This scattering mainly radiates into the free space and leads to higher scattering loss, which agrees with the lower transmission intensity of g 00 1 g 01 for 620 nm in Fig. 4(c) and corresponds to the process II in Fig. 4(a) . As shown in the bottom panel in Fig. 4(d) , for l 5 620 nm the power flow on the top side of the NW near the particle is scattered without flowing to the bottom side, and the power flow at the bottom maintains its original distribution. The field distribution on the wave front for z . 0 becomes asymmetric, which means this scattering also induce a new component of HE 1 mode. The red curve in Fig. 4(e) shows that the field on the NW bottom at the right side near the particle is equal to the incident intensity. After the particle, the remaining SPP power begins to spread up to the top side of the NW and finally forms the zigzag shape. The mechanism discussed above can also be applied to the mode conversion in branched NW structure, as shown by Fig. S6 in the supplementary information.
The mode conversion by the nanoparticle can be applied to control flexibly the propagation behavior of SPPs. An example is schematically shown in Fig. 5(a) for a structure composed of a branched NW and a nearby nanoparticle. In the simulation, the TM 0 mode is taken as input and material loss of silver is considered. By tuning the position of the nanoparticle, power is switched between the two NW branches, realizing the function of a single-pole double-throw switch, as shown in Fig 5(b) . This function is achieved owing to the tunable zigzag propagating route, depicted in Figs. 5(c) and 5(d) . With the shift of the particle, the maximum of the electric field moves from one side to the other side of the NW, realizing the power switching between the two output branches. Apart from the nanoparticle, other structures introduced to break the local symmetry near the NW can also meditate the mode conversion, following similar principles. In plasmonic NW networks, the mode conversion at the junctions can strongly influence the propagation of SPPs. Therefore, by designing the structure parameters and tailoring the mode conversion processes, good-performance nanophotonic devices can be rationally achieved. The symmetry breaking, that is responsible for the mode conversion in the silver NW, can also be achieved in other forms. For example, the inhomogeneity of the refractive index of environment around the NW also introduces a kind of symmetry breaking and leads to the mode conversion. In this situation, the fast-speed control to the mode conversion can be achieved by using active materials, for example the electro-optic materials, which can be used for electrically controlled nanophotonic devices. It should be noted that the bent NW and branched NW are the fundamental structures for constructing NW networks. The mode conversion is an ever-present effect in the NW network, and is decisive for the signal transmission, which has already been manifested in the NW-based logical gates 22, 23 . Therefore, the mode conversion is a crucial effect which should be considered carefully for designing NW-based nanophotonic devices and circuits.
In conclusion, we have shown experimentally and theoretically that mode conversion can occur in plasmonic NWs with local structural symmetry breaking. By analyzing the symmetry of the modes supported in the NW, we find the conversion originates from the symmetry change of wave front induced by the structural symmetry breaking. Careful simulations are used to analyze the conversion processes in nanoparticle-NW structure and reveal that the conversion is a result of the scattering of localized modes in the nanogap and on the nanoparticle. This mode conversion phenomenon is important for designing new plasmonic NW based optical circuits and devices, and can be applied to flexibly control the propagation behavior of plasmons at nanoscale.
Methods
Sample and measurements. The Ag NWs and nanoparticles were synthesized by a wet chemical method and dispersed in ethanol. They were dropped on a cleaned glass substrate. Then an Al 2 O 3 layer of 30 nm or 50 nm thickness was deposited using atomic layer deposition. Finally, semiconductor QDs with emission wavelength centered at 655 nm were spin-coated onto the sample surface.
Optical measurements were performed on an upright optical microscope. Laser light of 633 nm was focused onto the end of the NW through a 3100 (NA 0.95) objective. The image was collected by the same objective and directed to a CCD camera. To record the QD fluorescence, a long-pass edge filter was used to block the laser light.
Simulation method. The full-wave simulation of the experimental structures was performed using the commercial software Lumerical Solution. The FDTD method is chosen here to model the large system with substrate. Mesh size of 5 nm and boundary of perfectly matched layers (PML) are found accurate enough for the simulation. All the structure parameters are chosen according to the experiment sample.
All simulations for the eigenmodes and the field in the structures immersed in uniform dielectric environment are based on finite element method (FEM), using commercial software package COMSOL. The field distributions of the eigenmodes in NWs were directly obtained by mode analyses. Due to the difficulty of the FEM carrying out large scale full-wave simulations, we adopted structures formed by thinner and shorter NWs. To simulate the mode-conversion process, single TM 0 mode was used as input for the NWs to solve the field distributions. The single mode input is realized by the so-called port boundary condition. The port boundary conditions are also used at the output to directly absorb the different modes on the NW at the output. At the same time, the boundary condition can provide the mode components it absorbed at the output, because the software automatically calculates expansion coefficients of the different modes using the output field profile. Then the transmittance for the different modes in Fig. 4 can be derived.
